In neonatal rats, neutrophils do not accumulate in ischemic brain parenchyma to the extent that they do in adult rodents. They are also confined to the intravascular compartment during the first few hours of recovery. However, neonatal rats rendered neutropenic have less brain swelling after a hypoxic-ischemic (HI) insult. In this study, we used the Rice-Vannucci model of HI brain injury in 7-d-old rats, and we depleted neutrophils before injury in one group and 4 -8 h after injury in another group to determine 1) whether neutrophils contribute to cerebral atrophy, 2) whether neutropenia induced within 8 h after recovery from HI is neuroprotective, and 3) whether neutropenia preserved energy metabolites during the HI insult. Brain energy metabolites were measured at 0 h and 6 h of recovery. Brain atrophy was measured morphometrically on brain slices at 2 wk of recovery. In 67 rats, we found that neutropenia induced before the HI insult, but not after HI, reduced brain swelling at 42 h of recovery by about 75% (p Ͻ 0.001). In another 60 rats, we found that cerebral atrophy was reduced by 61% provided that neutropenia was induced before HI (p Ͻ 0.05). Total adenine nucleotides were better preserved in the neutropenic rats at the end of the HI insult (0 h recovery); p Ͻ 0.05. We conclude that neutrophils do contribute to vascular dysfunction either during the HI insult or early hours (Ͻ4 -8 h) of recovery. Antineutrophil strategies initiated after this time are unlikely to be protective in the neonatal rat. 
In neonatal rats, neutrophils do not accumulate in ischemic brain parenchyma to the extent that they do in adult rodents. They are also confined to the intravascular compartment during the first few hours of recovery. However, neonatal rats rendered neutropenic have less brain swelling after a hypoxic-ischemic (HI) insult. In this study, we used the Rice-Vannucci model of HI brain injury in 7-d-old rats, and we depleted neutrophils before injury in one group and 4 -8 h after injury in another group to determine 1) whether neutrophils contribute to cerebral atrophy, 2) whether neutropenia induced within 8 h after recovery from HI is neuroprotective, and 3) whether neutropenia preserved energy metabolites during the HI insult. Brain energy metabolites were measured at 0 h and 6 h of recovery. Brain atrophy was measured morphometrically on brain slices at 2 wk of recovery. In 67 rats, we found that neutropenia induced before the HI insult, but not after HI, reduced brain swelling at 42 h of recovery by about 75% (p Ͻ 0.001). In another 60 rats, we found that cerebral atrophy was reduced by 61% provided that neutropenia was induced before HI (p Ͻ 0.05). Total adenine nucleotides were better preserved in the neutropenic rats at the end of the HI insult (0 h recovery); p Ͻ 0.05. We conclude that neutrophils do contribute to vascular dysfunction either during the HI insult or early hours (Ͻ4 -8 h) of recovery. Antineutrophil strategies initiated after this time are unlikely to be protective in the neonatal rat. Abbreviations HI, hypoxic-ischemic, hypoxia-ischemia ANS, antineutrophil serum PVL, periventricular leukomalacia TAN, total adenine nucleotides Neutrophils contribute to ischemic brain injury through their ability to reduce microvascular flow (1, 2) and release cytotoxic agents into the vasculature and brain parenchyma (3, 4) . Early accumulation of neutrophils in blood vessels has been reported within hours after cerebral ischemia in adult animals (5, 6) . Parenchymal accumulation in adult animals occurs between 6 and 48 h post insult, during the period while brain injury is evolving (6 -9) . Interestingly, neuroprotection can be achieved with antineutrophil strategies initiated after the HI insult in adult animals (10 -12) .
Neonates have a diminished ability to mount a neutrophil response compared with adults; and neonatal neutrophils have a diminished tendency to extravasate from blood vessels (13, 14) . Studies on neonatal neutrophils have documented diminished chemotaxis (15, 16) diminished adherence (17) , and deficiencies in the expression of adhesion molecules and complement receptors (14, 18) . However, neutrophils are implicated in ischemic brain injury in the neonatal rat because neutropenia induced before HI reduces brain swelling (19) .
In the neonatal rat, neutrophils are seen in blood vessels during the first few hours after HI (19, 20) . There are very few studies that count neutrophils in the neonatal parenchyma after ischemia and the resulting reports are variable. We were unable to find an accumulation of neutrophils in the injured parenchyma during the first 42 h of recovery (19) . However, other investigators using different detection methods found neutrophils were accumulating in the injured parenchyma 12-72 h after the HI insult (20, 21) . Bona et al. (20) reported a transient elevation at 12 h post HI and Benjelloun et al. (21) reported neutrophil infiltration starting at 24 h and peaking at 72-96 h. It is unknown whether these accumulating neutrophils in the parenchyma contribute to brain injury.
The predominant intravascular location of neutrophils in the early stages of reperfusion provokes the hypothesis that the intravascular neutrophils might contribute more to vascular injury than parenchymal injury. Accordingly, the reduction in brain swelling achieved with neutropenia might have addressed a predominantly vascular process. We have shown previously that a reduction of early brain swelling with a therapeutic intervention that did not cross the blood-brain barrier does not necessarily produce a reduction in cerebral infarction in this model (22) . Therefore, the first aim of this study was to determine whether neutropenia would reduce cerebral atrophy.
As the extent and implication of neutrophil extravasation remains unclear, we needed to determine whether antineutrophil strategies could be initiated during recovery from transient cerebral ischemia so that damage caused by infiltrating neutrophils could be evaluated. Thus, the second aim was to determine whether neutropenia could be delayed 6 -8 h into recovery and still remain protective.
The intravascular location of neutrophils during the insult and early reperfusion period also suggests that neutrophils might impair red cell movement and oxygen delivery (19, 23) .
In the neonatal rat model of ischemic brain injury, transient ischemia is a key component of the insult, as hypoxia does not produce damage unless it is accompanied by ischemia (24) . The combined insult (HI) produces a damaging depletion of energy metabolites in the neonatal brain that causes cellular necrosis and an ongoing process of injury that continues to evolve for days (25, 26) . We hypothesized that the presence of neutrophils during hypoperfusion might contribute to the depletion in brain energy metabolism. Accordingly, the third objective was to evaluate the effect of neutrophils on brain high-energy phosphates at the end of a HI insult in the neonatal rat.
To achieve these aims, we studied three groups of 7-d-old rats that were subjected to a HI cerebral insult. One group was rendered neutropenic before the HI insult, another group was rendered neutropenic 6 -8 h after HI, and we then compared their outcomes against a control group with normal neutrophil counts.
We found that neutropenia induced before the HI insult did reduce long-term brain injury, however, when neutropenia was induced after the insult it was not protective. This finding suggests that intravascular neutrophils produce their damaging effects by impairing oxygen delivery. This is indicated by better preservation of high-energy phosphates at the end of the HI insult when neutrophils are depleted.
METHODS
Determining the time course of neutrophil depletion in the 7-d-old rat. Seven-day-old rat pups were weighed and injected subcutaneously with a 50% dilution of anti-neutrophil serum [anti-rat polymorphonuclear (PMN) antibody, Accurate Antibodies, Westbury, NY, U.S.A.] in a dose of 6 L/g body weight. This antibody agglutinates rat PMN but not macrophages or thymocytes. Blood collected from the severed neck vessels was drained into blood collection micro-tubes containing EDTA. Blood smears were prepared from the sample and automated total nucleated cell counts and platelet counts were performed (Celldyne 400, Abbott Diagnostics, Abbott Park, IL, U.S.A.). A differential count was performed on the blood smear and the total white cell count was determined by correcting the automated count for nucleated red blood cells. The absolute neutrophil count per square millimeters of blood was obtained from groups of rats (n ϭ 3-4) killed at 2, 4, 6, 8, and 24 h after administration of the antineutrophil serum and compared against normal age matched controls.
HI immature rat model (Rice-Vannucci model). For the HI immature rat model-the Rice-Vannucci model (27)-dated, pregnant, verified antigen-free Wistar rats were purchased from Charles River (Wilmington, MA, U.S.A.). HI injury to the right cerebral hemisphere of 7-d-old rats of either sex was produced by right common carotid artery ligation and exposure to hypoxia at 8% oxygen as previously described (19) . All animal procedures were performed with approval of our institutional animal care committee.
Temperature effects of neutropenia. We measured the effect of neutropenia on core body temperature. Twelve 7-d-old rat pups were subjected to right common carotid artery ligation and 3 h of recovery with their dams. The antineutrophil serum was diluted 50% in normal saline and injected in a dose of 6 L per gram body weight. The antineutrophil serum injections were administered at the time of carotid ligation. The antibody induced neutropenia within 4 -6 h in the immature rat. The pups were removed from their dams at 3.25 h of recovery from ligation and placed into syringe barrels housed within an incubator at 33.5°C. The pups were fitted with rectal temperature probes (511, YSI Inc., Yellow Springs, OH, U.S.A.). They were monitored for 45 min to permit equilibration of body temperature to the incubator environment, 2.25 h of hypoxia, during which time 8% oxygen, balance nitrogen, was introduced into the syringe for the rats to breathe, and then 1 h of recovery in room air in the incubator. Temperature was recorded every 5 min. We averaged the temperature recordings for the last 30 -60 min of the measurement periods. Blood samples were taken at 42 h of recovery to confirm neutropenia.
Timing of neutropenia on brain swelling. Sixty-seven 7-dold rat pups were weighed, then the right common carotid artery was permanently ligated under halothane anesthesia. The pups were then randomized into three treatment groups so that rats allocated to the before-HI group received antineutrophil serum (ANS) immediately after carotid artery ligation. The anti-neutrophil serum (rabbit, anti-rat, PMN antibody from Accurate Antibodies) was diluted 50% with normal saline and administered at 6 L per gram body weight subcutaneously. Four hours after receiving ANS, the rats were subjected to 2.25 h hypoxia in 8% oxygen (before-HI group). Then they were returned to their dams in room air. The after-HI group received the same dose of ANS immediately after hypoxia. The control group received normal rabbit serum (Sigma Chemical, St. Louis, MO, U.S.A.). Half of the control rats were treated before HI and the other immediately after HI, similar to the groups that received ANS. At the end of 2.25 h hypoxia, all surviving pups were returned to their dams and allowed to recover for 42 h. At 42 h of recovery, the pups were killed by decapitation (before-HI, n ϭ 18; after-HI, n ϭ 24; control group, n ϭ 25). Blood was collected into heparinized Eppendorf tubes from severed neck vessels to confirm neutropenia. The brains were quickly removed and the posterolateral half of each cerebral hemisphere was removed and weighed in a tarred glass vial on a microanalytical balance. This region was chosen because it is frequently damaged in this model. After drying at 80°C for 72 h, the vials were re-weighed. The difference in weight represented the water content and was expressed as a percentage (%WC) (28) . The percentage dry weight (%DW) of each sample was determined according to the formula (%DW ϭ 100 Ϫ %WC). Swelling follows the influx of water into the 550 right hemisphere. This is reflected in an increase in %WC and a decrease in %DW. Right hemisphere swelling was calculated from the relative change in %DW of the swollen right (R) compared with the normal left (L) hemisphere. Swelling was expressed as a percentage by the formula (% DWL Ϫ %DWR/ %DWL) ϫ 100 (19) . A differential count was performed on blood smears from each rat and the percentage neutrophils calculated. In separate littermates, we confirmed that neutrophils were depleted 6 h after administration of the antineutrophil serum used in this experiment.
Timing of neutropenia on brain atrophy. Rat pups (n ϭ 60) were divided into the same three experimental groups, treated with ANS, and subjected to the HI insult as described above for the determination of brain swelling. However, the rats were returned to their dams and allowed to recover for another 14 d before they were killed with a lethal dose of pentobarbital. Treatment groups were identified by ear clipping at 7 d of age, which incurred minimal bleeding. The brains were carefully removed and immersion fixed in FAM (1:8:1, formaldehyde, methanol, 1% acidic acid). After 14 d fixation, the brains were cut into five 2-mm-thick slices that were imaged with a computer imaging system using NIH Image 1.43 software. We calculated the area of each hemisphere from the digital images. Slices 1 and 5 were partial slices from the front and back of the brain, respectively, and not used for atrophy calculations. Slices 2, 3, and 4 were compared for treatment groups. Slices 3 and 4 represent the region of maximal injury in this model, and they were cut through the mamillary body on the base of the brain. As the left hemisphere (contralateral to ligation) remains morphometrically normal in size in this model (29) , we calculated the percentage right hemisphere atrophy from the percentage reduction in the right hemisphere area compared with the left hemisphere area, according to the following formula: left Ϫ right/left ϫ 100, where left and right refer to left and right hemisphere areas, respectively. We compared the percentage in atrophy for slice 2, 3, and 4 individually and then determined the average difference by combining all the slices.
Measurement of high-energy metabolites. Rat pups were subjected to the standard HI insult as described above. Half the pups received ANS 4 h before hypoxia (6 L/g body weight, Accurate Antibodies). The other half received normal rabbit serum (Sigma Chemical ) We confirmed in one or two rat pups from each litter that the antineutrophil serum did induce neutropenia. These control pups were killed at 24 h post treatment and their differential blood smears were checked for neutrophils to insure that they were neutropenic. After the 4 h recovery period following antineutrophil serum administration and carotid artery ligation, the pups were subjected to hypoxia at 8% oxygen in a 36.8°C water bath for 2.25 h. To optimally preserve labile metabolites in the brain, rat pups were quick frozen in liquid nitrogen at either 0 h recovery or at 6 h of recovery. The frozen pups were stored at Ϫ80°C until such time that each brain could be dissected from its skull in a cold box set at Ϫ20°and a sample of tissue (approximately 100 mg) removed from each cerebral hemisphere in the distribution area of the middle cerebral artery. The brain specimens were powdered under liquid nitrogen and the powders were weighed on a microanalytical balance and extracted into 3.0 M perchloric acid as previously described (25, 30) . The extracts were neutralized to a pH of 6.8 with 2.0 M potassium carbonate, and maintained at Ϫ80°C until the time of analysis. Concentrations of high-energy phosphate compounds [phospho-creatinine (PCr), ATP, ADP, and AMP] were determined using specific enzymatic fluorometric procedures (30, 31) . We compared the neutropenic versus non-neutropenic rats at 0 h recovery (n ϭ 16/group) and at 6 h of recovery (n ϭ 10 -12/group). We also determined metabolite levels on 10 normal age-matched controls not subjected to hypoxia or ischemia.
RESULTS
Antineutrophil depletion time course. Figure 1 shows that administration of the antineutrophil serum reduced the absolute neutrophil count after 8 h from a normal level of 6180 Ϯ 1457 per mm 3 to 389 Ϯ 778 (mean Ϯ SE). This is a fall of 94% by 8 h postinjection. At 4 h postinjection, the neutrophil count had already fallen by 75%. The rats were still neutropenic 24 h after receiving the antineutrophil serum.
Neutropenia before HI reduces brain swelling. Neutropenia induced before HI (before-HI group) reduced brain swelling by 77% (Fig. 2) . The right hemisphere swelled 13.7 Ϯ 9.1% (mean Ϯ SD) in the control group and 10.2 Ϯ 9.5% in the after-HI group. In the before-HI group, the right hemisphere swelled only 3.2 Ϯ 4.2% (p Ͻ 0.001, ANOVA, versus other groups). Thus, neutropenia induced before cerebral HI (before-HI) reduced brain swelling at 42 h recovery by 75% (p ϭ 0.0001). In contrast, neutropenia induced within 4 -8 h after HI (after-HI) was not protective.
Differential counts of peripheral blood smears taken at the time of sacrifice (42 h recovery) showed that those rats that received ANS were still neutropenic. The percentage neutrophils in the control group was 26.9 Ϯ 12.8%, the before-HI group was 0.7 Ϯ 2.4%, and the after-HI group 0.7 Ϯ 1.4% Neutropenia before HI reduces brain atrophy. The before-HI group had less atrophy in all three slices (significant for the posterior slices 3 and 4 only) (Fig. 3) . The total atrophy calculated from averaging the results taken from slices 2, 3, and 4 showed that the control group (non-neutropenic rats, n ϭ 21) had 18.19 Ϯ 15.5% atrophy, and the after-HI group (n ϭ 22) had 21.7 Ϯ 17.8% atrophy. In contrast, the before-HI group had 7.15 Ϯ 11.4% atrophy. This indicates that neutropenia induced before cerebral HI reduced right hemisphere atrophy by Ϯ61% (p ϭ 0.03, ANOVA, pre versus control), whereas neutropenia induced within 4 -8 h after HI (after-HI group) was not protective. When the before-HI group was compared with the after-HI group in terms of total atrophy, the difference was also significant (p Յ 0.01). ATP and energy metabolites. We compared the energy metabolite levels of the neutropenic and non-neutropenic rats at 0 and 6 h of recovery ( Table 1 ). The levels of brain ATP in normal 7-d-old rats was 2.29 Ϯ 0.18 mmol/kg (mean Ϯ SD). In the non-neutropenic rats at 0 h recovery, ATP levels were 0.88 Ϯ 0.59 in the ipsilateral (damaged) hemisphere, whereas in the neutropenic rats ATP levels trended lower at 1.3 Ϯ 0.76 (p ϭ 0.06, Mann-Whitney U test). Seven of the 16 neutropenic rats had ATP levels at 0 h recovery that were normal (within 2 SD), compared with only 2 of the 14 non-neutropenic rats (p ϭ 0.04, 2 ). At 6 h of recovery, ATP levels had returned to within 2 SD of the mean (1.93-2.65 mmol/kg) in all 12 neutropenic rats and 7 of the 10 non-neutropenic rats. There was no significant difference between the neutropenic and nonneutropenic rats at 6 h of recovery for any metabolite (Fig. 4) .
The normal range for TAN was 2.7 Ϯ 0.22 mmol/kg. At 0 h recovery in the ipsilateral hemisphere of neutropenic rats, TAN levels were 2.02 Ϯ 0.56 mmol/kg, and only 1.55 Ϯ 0.56 in the non-neutropenic rats (p ϭ 0.02, Mann-Whitney U test) (Fig. 5) . There was no difference in the other metabolites measured at 0 h recovery (Table 1 ). These data suggest that neutropenia induced before the HI insult helps to preserve TAN during the insult and by 6 h of recovery cerebral energy metabolites returned to normal in the rats from both groups.
Effects of neutropenia on body temperature. The ANS had no significant effect on body temperature. Table 2 illustrates the results for the temperature measurements.
DISCUSSION
We initially established that neutrophils in the peripheral blood of the 7-d-old rat can be depleted by 75-93% at 4 -8 h after administration of antineutrophil serum (Fig. 1) . This finding enabled us to evaluate the differences in neuroprotection that might be achieved if neutropenia was induced before the cerebral insult or, alternately, within 4 -8 h after the insult, by administration of antineutrophil serum at the beginning of recovery from cerebral HI.
We have confirmed our previous findings, in that neutropenia induced before HI brain injury reduces brain swelling in the 7-d-old rat (19) . In contrast, neutropenia induced after the insult did not reduce brain swelling (Fig. 2) . We have also shown that cerebral atrophy is reduced if neutropenia is induced before the insult, but not if neutropenia is induced 4 -8 h after the insult (Fig. 3) . This establishes the important role that neutrophils play in the pathogenesis of long-term HI brain injury in the neonatal rat. It also establishes that neutrophils produce their damaging effects during either the ischemic insult or during the first 4 -8 h of recovery before neutropenia is induced.
From a therapeutic viewpoint, this study shows that antineutrophil strategies should be used before HI, or during the first few hours of recovery. We found that virtually eliminating circulating neutrophils by 4 -8 h of recovery was not protective, so it is unlikely that infiltrating neutrophils contribute to injury in the neonatal rat. It is also unlikely that any antineutrophil strategy will be successful after the first 6 h of recovery in the neonate. This differs from stroke studies in adult rodent models where antineutrophil strategies were initiated hours after recovery and where it is still felt that neutrophils are important contributors to secondary vascular and parenchymal injury after cerebral ischemia. Temperature measurments taken before, during, and after hypoxia in six rats rendered neutropenic with ANS compared with six normal rats. For each rat, we calculated the average temperature derived from three to six measurements taken during the 30 -60-min measurement period.
Results are mean Ϯ SD. No temperature differences were seen. Brain energy metabolites are shown for a group of normal 7-d-old rat pups and for a neutropenic and a non-neutropenic group of rats at 0 and 6 h after a HI insult to the right (ipsilateral) hemisphere. Values, expressed as mmol/kg, represent means Ϯ SD of cerebral hemispheres either ipsilateral or contralateral to the common carotid artery occlusion. P-Cr, phospho-creatinine; TAN, total adenine nucleotides (ATP ϩ ADP ϩ AMP); EC, energy charge [ATP ϩ (0.5 * ADP)]/TAN. * p Ͻ 0.05, neutropenia vs non-neutropenia TAN at 0 h recovery, Mann -Whitney U test.
NEUTROPENIA ONSET AND NEUROPROTECTION
Knowing that neutrophils must produce their damaging effects either during the insult or in the first few hours of recovery indicates that they achieve these effects from the intravascular compartment, as they have not had time to extravasate. Even in adult animal models neutrophils are unlikely to extravasate before the first 6 h of recovery. In neonatal animals, neutrophil extravasation is even less likely during this interval. We and others were unable to show that neutrophils accumulate in the damaged brain to the extent seen in adults, and certainly not in the first 6 h (19, 20) . Parenchymal accumulation has been reported by some investigators to begin from 12-24 h (20, 21). We have not been able to detect neutrophil extravasation in noninfarcted tissue using either stains for myeloperoxidase or using antibodies that detect neutrophils (19, 32) .
From the intravascular compartment neutrophils can reduce the flow of red blood cells during low flow states (23, 33, 34) . In the immature rat pup model we used, blood flow to the hemisphere ipsilateral to carotid ligation is reduced while it is maintained in most of the contralateral hemisphere (35) . Morphologic damage is largely confined to the right (ipsilateral) hemisphere allowing the contralateral hemisphere to act as a reference for morphometric analysis or atrophy (29) . Hence, ischemia is necessary to produce damage, and hypoxia alone is not damaging in this model. Accordingly, factors that aggravate local ischemia will enhance the primary insult.
Neutrophils are relatively large, stiff cells that are attracted to roll along the vascular endothelium by the rapid expression of selectins on endothelial cells and on the neutrophil. Hypoxia alone increases adherence to endothelial cells (36) . Neutrophil rolling is followed by expression of adhesion molecules that fix the neutrophil to the vessel wall (2, 23, 34) . Neutrophils can generate oxygen free radicals and release lysosomal enzymes, myeloperoxidase, proteases, and other mediators that promote vascular injury and thrombosis. Superoxide produced by neutrophils and endothelial cells during reperfusion promotes adherence, but it is inactivated by binding to nitric oxide (37) . During cerebral ischemia there is an inhibition of nitric oxide production which enhances neutrophil-endothelial adherence (38) .
Neutrophil-endothelial cell interaction mediated by adhesion molecules has also been shown to induce vasoconstriction (39, 40) . Thus, neutrophils may mediate tissue damage in the brain by impairing microvascular function and they may cause damage by the cytotoxic mediators that they release. In some ischemic tissue, granulocyte plugging is not relieved by reperfusion and a reduction in flow persists, producing what has been called the "no-reflow" phenomenon in the microcirculation (2). In the immature rat pup model we used in this study, blood flow returns to normal after hypoxia, and delayed hypoperfusion has not been reported using radioisotope tracers (35, 41) .
We postulated that neutrophils might impair red cell flow and oxygen transport during ischemia and/or during early recovery. Accordingly, we evaluated energy metabolism in both hemispheres at the end of hypoxia (0 h recovery) and 6 h later. We found that TAN and, to some extent, ATP were better preserved in the neutropenic hemispheres at the end of hypoxia (Fig. 5, Table 1 ). These data support the notion that neutrophils impaired red cell movement and oxygen transfer. Interestingly, energy metabolites were restored to normal in neutropenic and non-neutropenic rats at 6 h of recovery. This suggests that red cell trafficking had recovered by 6 h. We have shown previously that energy metabolites may still be impaired at 4 h of recovery (25) . The restoration of energy metabolism seen at 6 h is in keeping with other studies evaluating energy metabolism in the newborn rat (42) . Energy metabolites return to baseline, then 1-2 d later there is another fall in high-energy phosphates, sometimes referred to as secondary energy failure, the extent of which correlates with cerebral infarction (25, 42) .
The severity of the brain injury in this model is related to the severity of the energy failure during the primary insult (43) . It is probable that the preservation in energy metabolism in the neutropenic rats at the end of hypoxia was sufficient to account for the difference between the early (brain swelling) and late indicators (atrophy) of injury. Vasthare et al. (44) showed that leukopenia resulted in preservation of brain electrical activity during rat brain ischemia.
In this study, we assessed cerebral blood flow in a group of eight neutropenic 7-d-old rats with the radioisotope technique using iodoantipyrine (35) . We found no difference in the reduction of flow seen in the ipsilateral hemisphere at the end of 2.25 h ischemia, compared with a group of seven rats with normal neutrophil counts (data not shown). This finding may still be compatible with an impairment of red cell trafficking, as the radioisotope is completely distributed in the water compartment and plasma. Studies using intravital dye microscopic techniques have shown that, once there is a neutrophil plug in a capillary only plasma passes around the neutrophil, and red blood cells stack behind the neutrophil plug (45) .
This study has important clinical implications for sick newborn infants who are subjected to conditions that can increase inflammatory cytokines in the cerebral vasculature, including sepsis, feto-maternal infection (46) , and ischemia reperfusion injury (20) . Children with cerebral palsy were shown to have elevated inflammatory cytokines and coagulation factors present in their cord blood samples (47) . Circulating inflammatory cytokines will activate neutrophils and endothelium [reviewed in (48) ]. In premature babies, chorioamnionitis can be associated with placental villous edema that may impair placental gas exchange (49) . Activated neutrophils can impair cerebral blood flow even in the absence of ischemia (50) .
Epidemiologic data indicates that feto-maternal infection, accompanied by vasculitis or thrombosis of fetal umbilical vessels, is associated with white matter brain injury in premature infants (51) (52) (53) . Experimentally induced intrauterine infection causes brain damage in neonatal rabbits (54, 55) , and the administration of endotoxin to neonatal animals is associated with injury to the periventricular white matter (56, 57) . Notably, the periventricular white matter has very low blood flow even under normal conditions and the density of blood vessels in the white matter is lowest at around 28 wk gestation, about the same time that incidence of periventricular leukomalacia peaks (58, 59) .
The presence of neutrophils in the umbilical vessels has a particularly strong correlation with neonatal sepsis and mor-554 bidity (52) . Infants born prematurely with histologic chorioamnionitis have higher peripheral neutrophil counts (60) , and intrauterine infection is associated with an elevation of inflammatory cytokines (46) that activate neutrophils and the vascular endothelium, thereby facilitating neutrophil "rolling" and adhesion. Mice deficient in key adhesion molecules are protected from ischemic injury (61, 62) . Dammann and Leviton (63) have proposed that proinflammatory cytokines might be the link between prenatal intrauterine infection and neonatal brain damage, although there is also strong support of an ischemic component to the pathogenesis of PVL (58, 64) . We speculate that activated neutrophil-endothelial interactions could be enhanced by both components, linking inflammatory cytokines with hypoperfusion mechanistically in a common pathway toward "vascular failure" in the pathogenesis of PVL. Paul et al. (65) observed that premature infants who develop an intraventricular hemorrhage have higher neutrophil counts in the first 3 d of life. Neutrophil-induced microvascular dysfunction will be even more likely if hypotension and cerebral hypoperfusion occur in the very susceptible sick premature infant. Accordingly, brain injury might be reduced by approaches that maintain cerebral perfusion (66) , that reduce the effect of circulating inflammatory cytokines, and that reduce neutrophil-endothelial activation/adhesion (67) .
In conclusion, this study demonstrates that neutrophils contribute to long-term hypoxic-ischemic brain injury in the 7-dold rat. It limits the timing of neutrophil involvement to the period of ischemia or the first few hours of recovery. It also reveals that neutrophils produce their damaging effects from within blood vessels, suggesting that they induce microvascular dysfunction, probably by impairing red cell flow, oxygen transport, and energy metabolism during ischemia. The clinical implications of these findings are particularly relevant to sick premature infants with elevated inflammatory cytokines in circulation, suggesting that activated neutrophil-endothelial interactions may warrant attention as a target for therapeutic intervention.
